Results of a series of two-dimensional numerical experiments of mantle flow, melting, and melt migration under a spreading center are repo,. The model predicts the distribution of melt in the subridge mantle, the width over which most melt is delivered to the crust, and the thickness of crust. The sources of buoyancy considered are thermal expansion, compositional variation caused by melt extraction, and the phase change of solid to melt. We infer that the steady state average viscosity of the mantle below a ridge cannot be much less than about 10 t9 Pa s. For a lower average viscosity, thermal convection causes rapid cooling of a large region under a ridge, raising the viscosity. Results imply that transient increases in mantle temperature should lead to larger increases in the oceanic crustal thickness for slow spreading ridges than for fast spreading ridges. We assume that the viscosity is proportional to exp ( 
consistent with the presence of more than 2% melt in the extraction of melt, and retention of low-density melt within the mantle close to the ridge. Topography and gravity data for the mantle matrix. Energy changes due to latent heat and frictional EPR at 9ø-14øN, 6ø-11øS and 16ø-21øS appear to require that the heating between matrix and melt are ignored. Including the subridge mantle be at least 1% lower in density than mantle elsewhere [Madsen et al., 1984; Wilson, 1992] . A similar analysis of data for the EPR between 7 ø and 9øS requires such a density contrast to extend to approximately 20 km depth below the seafloor (X. Wang and J. R. Cochran, Gravity anomalies, isostasy, and mantle flow at the East Pacific Rise crest, submitted to Journal of Geophysical Research, 1992; hereinafter referred to as Wang and Cochran, submitted manuscript, 1992). Such a density contrast is consistent with the presence of several percent melt below the ridge.
There is also no clear picture of how melt should segregate from the mantle on the basis of laboratory experiments. It has long been held that melt in an olivine matrix should reside completely on grain triple junctions [Waft and Bulau, 1979] . Analysis of new experiments and reanalysis of old experiments indicate that significant melt may reside on grain faces [Waft latent heat term would lower temperatures with height above the base of the melting region. However, the melting temperature of the mantle also changes with depth, and the combined effect of this and the cooling due to the latent heat of fusion is not well known. The viscosity may depend only on temperature or on temperature and melt fraction.
Governing Equations
The 
and Faul, 1992] . This should reduce the permeability of the where p is density, g is the acceleration due to gravity, g is mantle to melt flow compared to flow along triple junctions. viscosity of matrix with melt, and x and z are the horizontal There is also controversy over how much effect melt will have and vertical coordinates. The meanings of all parameters in on reducing the viscosity of an aggregate partial melt [e.g., equations of this paper can be found in Table 1 
where •: is the thermal diffusivity and T is the potential affect the pattern of upwelling and melting. The second goal of temperature (i.e., the temperature with an adiabatic temperature the paper is to identify the range of parameters that could lead gradient removed). We assume that mantle enters the box with to subridge mantle upwelling that is narrow enough to explain temperature Tm. the observed width of the zone of crustal accretion. The distributions of composition and porosity are controlled The most important and uncertain parameters in our model are by [Scott and Stevenson, 1989] the permeability of the mantle and the relation between viscosity and melt fraction. In our previous work [Buck and Su, 1989] we were interested in showing the effect of melt dependent mantle viscosity on the focusing of upwelling under a ridge. We considered an extremely small value of permeability for melt migration. In this paper we consider the widest range of permeabilities that we can model numerically and go on to develop a simple analytic model which allows us to predict the amount of focusing for a wider range of permeabilities.
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where F represents the degree of melting and
MODEL FORMULATION
The modeling of mantle flow and melting is based on the following assumptions. As mantle is pulled upward by the separation of lithosphere plates it undergoes pressure release melting. Melt and matrix move laterally together. The vertical movement of the melt relative to the matrix is described by Darcy's law. Density variations are caused by thermal expansion, the change in composition of the residual caused by Ro 3F=,3T 3F= 3p
is the rate of melting due to decompression on ascent in the melting region and is equal to zero below it. Fm is the melting function def'med below. Note that we assume that R0(-•}•/•}x) cannot be less than zero, so this term is always a source and freezing in our calculations is ignored. Both • and F can be affected by advection, and porosity can also be changed by where a is the grain size and b is a constant which has been estimated to be about 3000 for ultramafic partial melts [Cheadle, 1989] . Since basaltic melt is less dense than the ultrarnafic residuum, it will be driven to flow vertically due to a pressure gradient of (P0-Ps)g. If the difference in vertical velocity of melt relative to solid is governed by Darcy's law, it will be given by (4) and (5) can be discussed like thermal convection. We started a group of calculations by running the code at a coarse grid spacing for the most difficult case of that group in terms of low viscosity or high permeability. We decreased the grid size until further reduction made a negligible difference to the solutions. This grid is then used for the rest of the calculations in this group. A smaller time step is used to obtain stable solutions and to avoid artificial diffusion to equations (4) and (5) than is used for advancing the energy equation. In our calculations a grid spacing of 0.5-1.0 km was used in the region of most rapid flow. Gradually, the grid spacing increases to about 5 km far from the ridge. At least 100 points were used in each direction.
Flow Patterns at Ridges for Different Cases
The mantle flow pattern is controlled by viscous forces created by plate separation and buoyancy related to several kinds of density variations. Viscous stresses are controlled by the viscosity of mantle material which should be a function of both temperature and melt fraction in the matrix (see equation (8)). Density variations may be a consequence of thermal expansion, the compositional changes due to depletion of the matrix, and the retention of melt in mantle malxix (see equation (7)). Since there are so many factors which can affect the flow pattern, we begin with the simple case of flow driven by plate separation alone, with the viscosity of the mantle only a function of temperature. Next we add the buoyancy caused by thermal expansion. After that, the effect of compositional variations due to depletion of the malxix is included. IJp to this point, the only uncertain variable is the average viscosity of the mantle. The last density effect is the retention of melt, and this depends on a very poorly known relation between porosity (fraction of volume occupied by melt) and permeability. In the final case the effective matrix viscosity is assumed to depend on the melt fraction present. The relationship between !l and • is also not well known. Figures 3a-3c we calculate where melting is occurring and assume that melt instantly migrates vertically to add to the crust. For flow driven by plate separation, significant melting occurs 50 km from the ridge for this spreading rate.
In Figure 3b we add the effect of thermal buoyancy. The flow then becomes slightly more concentrated under the ridge. Because lateral density gradients drive flow toward the ridge (see equation (1)), the focusing in Figure 3b is caused by the gradient of temperature close to the ridge crest. As we discuss below, the effects of thermal buoyancy can extend beyond the local area of the subridge mantle melting and have significant effects besides the slight concentration of upwelling.
The next effect we add is the density change due to depletion, and results are illustrated by Figure 3c . The flow becomes even more concentrated under the ridge, and the crust attains 90% of its thickness within about 25 km of the spreading center. The upwelling is narrower for the same reason that the inclusion of thermal buoyancy affected the flow pattern. When the temperature is above the solidus for fertile mantle, any variations in temperature will have a big effect on the degree of r,,elting, through equation (9), and hence on the density of the The reference viscosity constant go ( =lOis Pa s) is also the same for all cases as is E, the activation energy per mole (= 420 kJ/mol). In Figure  3a the density is constant so that the manfie flow is driven solely by the separation of the plates. In Figure 3b , density is a function of temperature. The effect of the density changes due to depletion and temperature are illustrated in Figure 3c . In Figure 3d , density is a function of melt fraction • as well as temperature and depletion. In Figure 3e the effect of viscosity depending on melt fraction is shown.
residuum. Variations in temperature above the solidus affect the density more because of the change in the residual composition than because of thermal expansion (see Figure 1) . As long as material is upwelling and melting, the thermal expansion effect and the depletion effect act to cause the same sign of density variation near a ridge. Lateral temperature variations under a spreading center will cause the mantle to be more depleted and hence lighter under the ridge than at the same depth away from the center of upwelling. Away from the area of upwelling the density changes due to depletion and thermal expansion do not act in concert. If it is too cold at a given position for further melting, depletion can be changed only by advection, while temperatures are changed by advection and conduction. Also, the density structure produced'by depletion is stably stratified, with light mantle on top of denser (less deplet.ed) mantle. The thermal suucture away from the upwelling zone is potenlially unstable since cold, high-density material is percited above hot, lower-density mantle. These effects will be discussed further below.
In Figure 3d In Figure 6 we also plot contours of total and thermal density variations relative to PO, the density at T = Trn, and F = • = 0 (see equation (7) 
DISCUSSION
The most important result of this work is that we have mapped out the range of parmeters of permeability and viscosity over which buoyancy effects could result in very narrow subridge mantle upwelling. We have shown how the distribution and amount of melt in the mantle depend on permeability and the relation between melt fraction and viscosity. Our results also have implications about the relation between oceanic crustal thickness and spreading rate, and about the average shallow viscosity. All these results can be used to interpret observed data.
Our Figure 5 . We believe this phenomenon is explained by thermal convection. For faster spreading rates, thermal convection has a smaller effect on the average amount of melt produced. A region of mantle at higher than the average temperature should cause the total amount of melt produced by upwelling under a ridge to be larger for two reasons. The higher temperature should allow melting to begin deeper in the mantle and cause the degree of melting at shallow depth to be larger. The increased temperature should also reduce the viscosity of the mantle and may lead to rapid thermal convection. This convection causes a greater volume of mantle to flux through the melting region, thus increasing the amount of melt produced per unit of plate separation. Our results indicate that the effect of thermal convection on the amount of melt produced is more important at slow spreading rates than at fast spreading rates. Thermal convection essentially amplifies the effect of regional mantle temperature variations in terms of crustal thickness. Since this amplification is more important at slow spreading rates, this may explain why the range of crustal thickness is wider for slow spreading ridges than for fast spreading ridges. We suggest that the topographic highs at fast spreading ridges are supported by the flow stress on the base of the lithosphere caused by melt rich buoyant upwelling under a ridge. This has also been suggested by Madsen et al. [1984] and For the cases with strong lowering of the viscosity where the melt fraction is largest, the width of the fast upwelling is much narrower than the region of melt delivery to the surface. This is a result of the lateral transport of melt with the diverging mantle flow below the ridge which is analogous to stagnation point flow. If veins or dikes were to form in the region of high melt fraction and fast upwelling, then most of the melt would be delivered extremely close to the spreading center for the melt fraction dependent cases. For example, if we calculated the melt delivery to the crust at a depth of 2 km below the lithosphere for the case shown in Figure 10b, 
